Human immunodeficiency virus (HIV) infection causes significant morbidity and mortality (43) , and a tremendous need exists for an effective vaccine. Simian-human immunodeficiency virus (SHIV) infection in macaques is a model for HIV infection in humans. SHIVs are chimeric viruses that include the env, tat, vpu, and rev genes from HIV-1 combined with the gag, pol, vif, vpr, and nef genes of simian immunodeficiency virus (SIV) to enable infection of macaques (30, 39) . SHIV89.6P, a pathogenic variant of SHIV89.6, induces CD4 ϩ T-cell lymphopenia 2 to 3 weeks after infection and death within months due to opportunistic pathogens (26) . The SHIV model allows one to study antibody responses against HIV Env, the ultimate target for an HIV vaccine.
A better understanding of the evolution of anti-SHIV immune responses could provide further insights into the mechanisms by which HIV subverts immune clearance and could enhance our ability to develop an effective vaccine. Furthermore, examination of immune responses elicited by successful experimental SHIV vaccines may illuminate protective mechanisms.
In both HIV and SHIV infection, CD8 ϩ T cells play a critical role in suppressing viral replication (22, 39, 52) . SHIV DNA vaccines codelivered with interleukin-2 or followed by a recombinant viral boost appear to suppress viral replication in macaques by cytotoxic T-cell-mediated immunity (4, 7, 10) . However, vaccines whose effects are mediated by cytotoxic T cells do not prevent the initial infection (4, 7, 10) , a phenomenon that likely requires the presence of neutralizing antibodies that bind to virions and block their entry into cells (reviewed in references 12 and 34). Antibody-dependent cellular cytotoxicity may contribute further to the response against HIV-1 (2). Finally, passive transfer experiments demonstrated that purified antibodies alone can protect macaques against SHIV challenge (9, 32, 44) .
The current study was undertaken to profile the evolution of antiviral antibody responses elicited by multiprotein modified vaccinia virus Ankara (MVA) and DNA/MVA vaccines (5) (6) (7) (8) and to test whether there might be a relationship between the fine specificity of the immune epitopes recognized by T cells and B cells in anti-SHIV immunity. Previous investigators used peptides synthesized on pins (19) to study antibody responses elicited by gp120 protein vaccines and viral infections (21, 31, (36) (37) (38) . That method suffered from several drawbacks, including the absence of whole proteins, uncontrolled peptide purity, low throughput rates, and loss of binding capacity with required reuse. In this study we avoided many of those problems and conducted a wider survey of reactivities with antigen microarrays to follow the specificity of antiviral B-cell responses. Our arrays contained 430 SHIV-derived peptides and proteins applied to the surface of derivatized microscope slides, where they were analyzed for interactions with serum antibodies (41) . Integration of array results with prior data on the specificity of T-cell responses revealed a remarkable convergence of anti-SHIV B-cell responses in the presence of strongly divergent T-cell responses.
justment of raw values was performed to eliminate negative values. If the raw value for an antigen was less than 1.0 on any array in the data set, the values for that antigen were adjusted for all arrays in the data set as follows: 1.0 plus the absolute value of the lowest raw value was added to the raw value for that antigen for all arrays in the data set to generate adjusted raw values.
Normalization between arrays was then performed. For each array, the median of raw values for 16 identical anti-rhesus IgG features were used to normalize data sets between arrays: adjusted raw values for each array were multiplied by a normalization factor so that the normalized median for the anti-rhesus IgG reactivity was equal to 20,000 (see Fig. 3D ). These normalized, adjusted median values were used for all further analysis.
Software for significance analysis of microarrays (SAM) (45, 46) was obtained from G. Chu and R. Tibshirani (http://www-stat.stanford.edu/ϳtibs/SAM/index .html) and used to analyze log base 2-normalized values. Threshold parameters (delta values and fold change) were selected so that negative control antigens were excluded and false discovery rates (q values) were at most 5%. Differences in input data sets and response type (paired, multiclass, or survival data) required that the threshold parameters be set differently for each type of analysis. For Fig. 4B and C and Table 2 , pairwise SAM identified peptides with significant increases in reactivities at the indicated times relative to preimmune values for the same animals. Thresholds for positive values for SAM included a delta of 0.65 and a change of greater than 1.5-fold, resulting in a false discovery rate (q) of less than 0.04 (4%). The list of reported hits was restricted further to reactivities that increased by at least 3.5-fold over the preimmune values.
For Fig. 5 , multiclass SAM identified antigens with significant differences in reactivity in at least one treatment group, with a delta threshold of 0.2 that resulted in a q of Ͻ0.05. For Fig. 9 , SAM was performed on survival data with postchallenge week 22 reactivities from the Gag-Pol DNA-vaccinated, rMVAboosted group with reported hits having a q of Ͻ0.04. Antigens with average reactivities of Ͼ1,500 DFUs in at least one subgroup (survivors or nonsurvivors) were selected for cluster analysis. Positive SAM hits were subject to hierarchical clustering of both antigens and macaques with Cluster software, and the results were displayed with TreeView software (17) . Clusters were determined by the complete linkage algorithm, with GWEIGHTs (http://rana.lbl.gov/manuals /clustertreeview.pdf) assigned to each antigen in proportion to its SAM score and with centered and uncentered correlation measurements for the arrays and antigens, respectively. For Table 3 , pairwise SAM was performed between week 0 and 75 data with a fourfold change threshold to yield hits with a q of Ͻ0.004. Reactivities of Ͼ1,500 DFUs were considered positive. Identification numbers for monkeys correspond to those in previous reports (5) (6) (7) (8) .
Elispot assays. Peptide pools were used at a concentration of 10 g per ml of each peptide. Stimulations were for approximately 36 h. Only Elispot counts at least twice background were considered significant. For details, see Amara et al. (7) .
RESULTS
SHIV proteome array construction and validation. We used a robotic microarrayer to print 430 distinct peptides and proteins derived from SIV Gag, Pol, and Nef and HIV-1 Env, Tat, and Rev in ordered arrays on poly-L-lysine-coated microscope slides. Additional negative, positive, and reference reagents were spotted on the arrays. To validate SHIV arrays, individual arrays were incubated with monoclonal and polyclonal antibodies specific for nine distinct HIV-derived proteins and peptides (Table 1) , demonstrating specific reactivity only at their corresponding antigen features (Fig. 1) . Integration of array data with known concentrations or with enzymelinked immunosorbent assay (ELISA) results for detection of anti-Env antibodies demonstrated linear relationships (Fig. 2 ), a property previously described for this system (24, 41) . Use of arrays to profile antibody responses in vaccine trials. SHIV proteome arrays were used to characterize sera from three macaque vaccine trials. In two trials, macaques were primed at 0 and 8 weeks with 2.5 mg of plasmid DNA expressing SHIV89.6 Gag-Pol-Env or SHIV89.6 Gag-Pol and boosted at 24 weeks with 2 ϫ 10 8 PFU of recombinant modified vaccinia virus Ankara (rMVA) expressing the same SHIV proteins as the prime, e.g., SHIV Gag-Pol-Env or SHIV Gag-Pol (5) (6) (7) (8) .
For the third trial macaques were inoculated at 0, 8, and 24 weeks with rMVA expressing SHIV89.6 Gag-Pol-Env (8) . A control group received empty vectors without vaccine inserts. All groups were challenged at 7 to 8 months after the final immunization with a pathogenic derivative of SHIV89.6, SHIV89.6P (26) .
All animals in the Gag-Pol-Env DNA/rMVA and rMVAonly groups controlled the viral challenge. In the Gag-Pol DNA/MVA group, two of six animals failed to control their challenge infection. In the control group, the levels of virus remained high, and five of six macaques succumbed to AIDS by 28 weeks. In each trial, 50% of the macaques were selected to have at least one A*01 allele, and 50% were selected to have at least one B*01 allele. These alleles were present in a background of otherwise unselected histocompatibility types.
Images of SHIV proteome arrays probed with serum derived from an individual macaque before vaccination (Fig. 3A) , after three immunizations with a Gag-Pol-Env-expressing MVA (Fig. 3B) , and after SHIV89.6P challenge (Fig. 3C) are representative results. In this example, vaccination raised antibodies to three gp120 Env proteins (one from clade B and two from recombinant clade AE), six gp120 Env peptides, three gp41 Env peptides, the p55 precursor protein of SIV Gag, one Gag peptide, and one integrase peptide. Four of the reactive gp120 peptides included overlapping sequences from the V3 region. All but one of these 15 reactivities (that against the gp120 peptide 101-120) were enhanced by SHIV challenge (Fig. 3D) . The challenge also raised responses against new peptides; one in gp120 and two in gp41 are shown.
A color reactivity map for the SHIV array data for the three vaccine trials revealed distinct patterns of responses to the vaccines and in the anamnestic responses immediately post- challenge, followed by a strong convergence of the response to common epitopes (Fig. 4A) . Consistent with the origins of SHIV chimeras, antisera reacted to gp120 Env proteins from HIV-1 but not SIV and to Gag proteins from SIV but not HIV-1. Analysis of peptide reactivities revealed that most of the reactivity was directed against Env, with the strongest responses against the V3 region of gp120 (amino acids 299 to 332), the Wang/Gnann region of gp41 (residues 590 to 619, also known as cluster I) (51) , and the Kennedy region of gp41 (amino acids 724 to 742). During the immunizations, reactivities were strongest in the rMVA-only group (Fig. 4A ).
After challenge, Gag-Pol-Env-vaccinated macaques exhibited marked acceleration in the kinetics of anti-Env antibody responses relative to Gag-Pol and control vaccinated macaques (Fig. 4A) . However, by 20 to 22 weeks postchallenge, antiviral antibody profiles in all groups had converged ( Fig. 4A) . At this time, reactivities directed against the V1, V3, and C5 regions of gp120 and the Wang/Gnann peptide, C-helix, and C terminus of gp41 were similar in all groups. Responses against Gag were primarily detected against protein, not peptides. Reactivities for proteins and peptides representing Pol, Nef, Rev, and Tat occurred at only low intensities and frequencies and were not included in Fig. 4A .
Breadth of antiviral B-cell responses. Significance analysis of microarrays (46) was performed to identify antigen features with statistically significant increases in reactivity in samples obtained at specific time points in the vaccine trials relative to paired preimmune samples. The rMVA-only inoculations induced the highest average number of Env-reactive features postvaccination and in the postchallenge anamnestic response (Fig. 4B) . Consistent with the visual inspection of data ( Fig. 4A) , the Gag-Pol-Env DNA/rMVA group had a lower tally after vaccination but a similar tally in the anamnestic postchallenge response. By 20 to 22 weeks after challenge, all groups, including the two surviving animals in the unvaccinated control group, had mounted anti-Env antibody responses with similar numbers of reactive Env peptides (Fig. 4B) . Although neither the Gag-Pol nor the control empty vector group were primed for Env, anti-Env responses appeared earlier and more uniformly in the Gag-Pol group. In the Gag-Pol group, T-cell responses to Gag and Pol likely protected CD4 cells sufficiently to allow generation of antibody responses.
Consistent with the visual inspection (Fig. 4A) , anti-Gag responses were detected against fewer peptides, with the number of reactivities being fairly similar between groups (Fig. 4C) . In contrast to the kinetics for the appearance of reactivities to Env, the reactivities against Gag appeared at similar times (albeit at different heights) in the vaccine groups. In the control group, anti-Gag reactivities, like anti-Env reactivities, showed the slowest appearance, not rising until 22 weeks after challenge.
Identification of novel epitopes targeted by anti-SHIV B-cell responses. The statistical analysis revealed reactivities to 18 peptides that did not overlap any previously described linear epitopes (Table 2 ) (29) . Antibodies to three of these were detected in at least three of the test groups and at more than one test time and thus appeared to represent consistent targets for antiviral B-cell responses. One of these was directed against the C terminus of gp41 Env and two were directed against p6 Gag.
Reactivities indicative of challenge. A problem encountered during clinical trials for vaccines is the need to distinguish responses elicited by the vaccine from those against the pathogen itself. Compared to postvaccination responses, reactivities after challenge were stronger and broader (Fig. 4A) . Furthermore, after challenge, epitopes of the virus that were absent from the vaccine became reactive. For example, the carboxy terminus of gp41 was deleted from the rMVA vaccine. Most peptides from this region are not reactive after immunization three times with this vaccine. However, after challenge, they become reactive in this group by 9 weeks and in the empty-vector control monkeys by 22 weeks (Fig. 4A , Table  2 ).
Statistical analysis demonstrates ultimate convergence of anti-SHIV antibody responses. Interestingly, statistically significant differences in antiviral antibody profiles were observed only immediately postvaccination and immediately postchallenge (Fig. 5) . In contrast to pairwise SAM analysis for individual macaques, multiclass SAM analysis across groups at each time point identified no statistically significant difference in reactivities in the preimmune samples, the memory vaccine response samples at week 49, or the samples obtained 20 to 22 weeks postchallenge (Fig. 5A) . However, 19 statistically significant differences in reactivities were identified between the groups at the peak vaccine response at week 27 ( Fig. 5A and   FIG. 3 . The 2,304-feature SHIV proteome array. Ordered antigen arrays were generated by spotting 430 distinct SHIV-and HIV-derived peptides and proteins in four or eight replicate sets with a robotic microarrayer. Antibodies specific for macaque IgG (␣ϪIgG) and antibodies labeled with Cy3 and Cy5 (yellow features), to serve as reference features to orient the arrays, were also spotted. Individual arrays (A to C) were incubated with prevaccination serum (week 0) (A), postvaccination prechallenge serum (week 27, 3 weeks after final boost) (B), or postchallenge serum (week 64, 9 weeks after challenge) (C), all derived from an individual macaque from the rMVA-only vaccine trial (group receiving three rMVA immunizations) (8) . Bound antibodies were detected with indocarbocyanine-labeled goat anti-macaque IgG. Colored squares identify targets of anti-SHIV antibody responses induced by vaccination and challenge. Orange and yellow boxes demarcate reactivities against gp120 Env proteins from various strains of HIV and SIV, respectively, induced by vaccination. Dark red, pink, and light red boxes locate peptides from the amino-terminal, V2, and immunodominant V3 domains, respectively, of gp120 Env. Dark and light green boxes indicate reactivities to gp41 Env peptides from the immunodominant Wang/Gnann and Kennedy domains, respectively, detected initially after immunization and then more intensely after challenge. Blue boxes demarcate reactivities against HIV Gag p55 precursor protein and a p24 Gag peptide detected following immunization and challenge. Light blue boxes locate reactivities against a HIV p31 Pol Fig. 5A and C) , and 33 statistically significant differences 8 weeks postchallenge (Fig. 5A and D) .
Hierarchical cluster analyses of epitopes with statistically significant differences revealed that macaques clustered based on their vaccination group and antigens clustered into Gag, Env, and/or Pol (Fig. 5B to D , see dendrograms at the top and side of reactivity maps). Within the Env epitopes, further clustering of overlapping peptides was observed. Combined with observations described earlier (Fig. 4) , these clusters revealed that the Gag-Pol-Env rMVA-only animals followed by the Gag-Pol-Env DNA/rMVA animals had the broadest and strongest postvaccination and postchallenge antibody responses. These cluster analyses also revealed anti-Env responses appearing in the Gag-Pol group prior to their appearance in the control group (Fig. 5D) .
The remarkable convergence by 20 to 22 weeks postchallenge of antiviral antibody responses in all vaccine groups as well as the two surviving control animals was confirmed by measuring Pearson correlation coefficients (Fig. 6) . At 2 weeks postchallenge, anti-SHIV antibody responses in each of the vaccine groups were divergent from those in the control group, with Pearson correlation coefficients of approximately 0.1 to 0.2 ( Fig. 6A) . At this time, comparisons within each group yielded Pearson coefficients above 0.5 (data not shown). By 20 to 22 weeks postchallenge, the responses had converged, with Pearson correlation coefficients between the vaccinated and unvaccinated groups rising to approximately 0.7 for all intergroup comparisons. Further comparisons revealed moderate convergence of antiviral B-cell responses between the GagPol-Env DNA/rMVA and rMVA-only groups as early as 2 weeks postchallenge, with a Pearson correlation coefficient of 0.5 (Fig. 6B) .
This convergence resulted in the targeting of a specific set of 25 peptides and seven proteins contained on SHIV arrays (Table 3) . Seventeen of the 25 convergent peptides include regions that have been described previously as being immunodominant, the V3, Kennedy, Wang, and Gnann epitopes (14, 20, 27, 50, 53) . Particularly notable was the range of reactivity to the V3 loop, a principal neutralizing and tropism-determining domain (Fig. 7) . Cross-reactivity to V3 peptides from certain other clade B strains was apparent. Eight of nine convergent peptides from the V3 region contained a common sequence (GPGRAFY), with the remaining V3 peptide having a conserved basic (K) substitution at the fourth residue of this sequence. Less-conserved substitutions in the last four residues rendered other clade B V3 peptides nonreactive regardless of vaccine regimen. The only V3 peptides from non-clade B strains were two peptides from clade E, neither of which showed reactivity postvaccination or postchallenge. To detect a Peptides from regions of SHIV proteins that have statically significant antibody reactivity but do not overlap epitopes previously described are shown with the experimental groups and time points at which their reactivities were detected. Peptides marked with asterisks were detected in at least three of the test groups and at more than one time point and thus appear to represent consistent targets for antiviral B-cell responses.
b Lowercase y in Env 701 indicates a tyrosine residue that was mutated to cysteine in the DNA vaccine. Underlined residues were deleted from Env in the rMVA vaccine.
c Time points 27 and 49 refer to weeks after initial vaccination; time points ϩ2, ϩ8, ϩ9, ϩ20, and ϩ22 refer to weeks after SHIV challenge. See the legend to Fig.  4 for definitions of groups.
individual columns. Groups include vector-vaccinated (controls, EV), Gag-Pol-DNA-vaccinated and rMVA-boosted (GP DM), Gag-Pol-Env DNA-vaccinated and rMVA-boosted (GPE DM), and Gag-Pol-Env rMVA-primed and -boosted (GPE 3M) animals. Antigen features derived from Env and Gag are indicated along the right border, with proteins indicated first followed by overlapping peptides spanning each polypeptide. As indicated by the color key, blue represents lack of reactivity, black represents low reactivity, and yellow represents high reactivity. The average number of reactive Env (B) and Gag (C) features for macaques in each group was determined by pairwise SAM comparisons of macaques at the individual time points relative to their preimmune samples.
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responses to diverse strains of HIV, Env peptides and proteins from non-clade B strains could be included in later versions of the "SHIV proteome" array. The convergence of antiviral B-cell specificity resulted from preferential expansion of antiviral antibody reactivities against convergent epitopes ( Fig. 8 ; Table 2 ) and preferential drop-out of reactivities against nonconvergent epitopes ( Fig. 8; Table 3 ). Following challenge, the empty-vector-treated animals sequentially gained reactivities against epitopes within the convergent class without significant loss at any time point. In contrast, the vaccinated and challenged animals exhibited a dynamic focusing of antiviral antibody responses, with both significant expansion of reactivities against epitopes within the convergent class and drop-out of reactivities against epitopes in the nonconvergent class (Fig. 8) .
Anti-SHIV antibodies converge despite divergent T-cell specificities. To test the specificity of raised CD4 ϩ and CD8 Fig.  6C and D) . These studies were performed on outbred macaques that had been selected only for the presence of at least one A*01 or B*01 allele. The lack of convergence of their divergent T-cell responses was likely determined by the diversity of expressed major histocompatibility complex alleles (7).
Comparison of the B-cell and T-cell specificities for individual animals also revealed no correlations in reactivity to either Env or Gag epitopes, suggesting that the epitope specificity of Tcell responses did not have a strong influence on the epitope specificity of B-cell responses against Env and Gag (data not shown). Failure of anti-SHIV antibody responses in macaques that succumbed to challenge. Failure to develop and/or loss of antiviral antibodies was associated with the development of AIDS and death. Three of four unvaccinated control animals (macaques 25, 26, and 29) failed to develop significant anti-SHIV antibodies (Fig. 5D ) and succumbed to AIDS by 32 weeks postchallenge. Two of six Gag-Pol DNA/rMVA-vaccinated animals (macaques 31 and 34) succumbed to AIDS by 52 weeks postchallenge. These macaques initially mounted antiviral antibody responses indistinguishable from those of other macaques in their group (Fig. 5B to D) but lost anti-SHIV antibody responses against a spectrum of antigens by 22 weeks postchallenge (Fig. 9) . Thus, the breadth and persistence of antiviral antibody responses have prognostic utility in SHIVinfected macaques.
DISCUSSION
We developed and applied SHIV antigen microarrays to profile the evolution of antiviral antibody specificities in vaccinated and challenged macaques. These proteomic studies represent one of the most detailed analyses to date of B-cell responses against linear regions of viral antigens and provide insights into mechanisms regulating the evolution and specificity of B-cell responses. The most intriguing observation was the strong convergence of antiviral B-cell specificities to a restricted set of linear epitopes within Env (Fig. 4A, Fig. 6A  and B, Fig. 8 , and Table 3 ). This convergence occurred in an outbred population receiving vaccines encoding different SHIV proteins and included infected controls that survived (Fig. 5A and Fig. 6A and B) . The converging specificities of B-cell responses superseded concomitant divergent T-cell responses driven by the expression of different major histocompatibility complex alleles by macaques in this outbred population (Fig. 6 ) (8). Convergence resulted from preferential expansion of anti-SHIV B-cell responses to target immunodominant linear epitopes and temporal loss of reactivity against nonimmunodominant epitopes ( Fig. 8 and Tables 3 and 4 ). These data suggest that B-cell responses are functionally limited and undergo selection to recognize a highly restricted set of immunodominant determinants within Env (Table 3) . The B-cell repertoire has a theoretical complexity exceeding 10 10 , while observed complexities range from 10 5 to 10 7 (3, 15, 33) . The striking convergence of anti-SHIV B-cell reactivities challenges a paradigm in which B-cell responses develop against diverse and heterogeneous epitopes in viral antigens. Although our methodology largely limited us to analysis of linear epitopes, our data demonstrate that antiviral B-cell responses in all immunocompetent animals ultimately target and are almost entirely restricted to a set of immunodominant determinants in SHIV (Fig. 4A, Fig. 6 , and Table 3 ). The ability of HIV immunogens to induce antibody directed against the same set of dominant epitopes in genetically outbred populations and even in different species has been observed previously (25, 31, (36) (37) (38) . The convergence of antiviral antibody responses has also been described for hepatitis B virus (49) and herpes delta virus (35) infections. Together, our data and the data from others suggest that the B-cell repertoire is fundamentally restricted in its ability to recognize viral antigens and is only capable of maintaining sustained B-cell responses against a limited set of immunodominant viral epitopes.
The strong convergence of linear B-cell epitopes in SHIV infection is in sharp contrast to our observations in autoimmune disease. In experimental autoimmune encephalomyelitis in mice, autoreactive B-cell responses directed against selfproteins maintain divergent profiles, with the inducing autoantigens persisting as dominant targets of autoantibody responses (42) . This likely reflects fundamental differences in the regulation of immune responses against foreign microbial proteins compared to autoantigens, for which mechanisms promoting tolerance may inhibit diversification of autoreactive B-cell responses.
Our SHIV antigen arrays revealed that Env raised stronger responses than other viral proteins following both vaccination and challenge, consistent with better exposure of Env relative to internal viral proteins. The strongest responses against Gag and Env were against proteins, not peptides (Fig. 4A) . This is consistent with the proteins containing more than one epitope and with the proteins presenting conformational as well as linear epitopes. For the DNA/rMVA vaccines, the arrays confirmed induction of very low levels of prechallenge antibodies (7, 10) . The rMVA-only vaccine was the only vaccine to raise substantial levels of anti-Env titers (Fig. 4 and 5) . Nevertheless, postchallenge, the Gag-Pol-Env DNA/rMVA-and rMVAonly-vaccinated animals demonstrated similar anamnestic antiviral antibody responses (Fig. 4 and 6B) . Thus, the two vaccines may differ in their ability to stimulate naïve B cells to develop into antibody-secreting cells but seem overall similar in their ability to generate memory B cells. Our antigen arrays primarily monitor linear epitopes and thus do not necessarily score neutralizing antibodies, which can be directed at conformational and discontinuous as well as linear epitopes. In general, the intensity of responses detected in the arrays correlated with the heights of antibody responses determined in ELISAs (Fig. 2B) . Although arrays could be used in studies addressing the avidity of antibody binding to different epitopes, such studies were not undertaken in this analysis.
Our results demonstrate the power of antigen arrays for monitoring immune responses in vaccine trials. The development of analogous arrays may be particularly useful for analyzing vaccine trials for viruses, such as hepatitis B virus, Ebola virus, and respiratory syncytial virus, where neutralizing antibodies play a critical role in protection (recently reviewed in reference 12). Arrays may also be employed to analyze vaccine trials for or to detect infection with bioterrorism agents such as anthrax and smallpox.
SHIV antigen arrays distinguished vaccinated from challenged individuals (Fig. 4A and 5 ), identified novel (Table 2) and convergent (Table 3 ) viral epitopes, monitored the kinetics of epitope-specific responses (Fig. 4) , surveyed the breadth and strength of antiviral antibody responses elicited by vaccination and challenge (Fig. 4 and 5) , and served as a predictor of mortality ( Fig. 5D and 9 ). Array profiles distinguished merely FIG. 7 . Reactivity of macaque sera against peptides from the V3 region of gp120: cross-reactivity to peptides containing a core GPGRAFY sequence. Treatment groups are designated as in Fig. 4 . Amino acid residues shown in black are from the vaccine strain SHIV89.6; the distinct glutamic acid residue (E) of the challenge virus SHIV89.6P is indicated in blue; and the remaining divergent residues from other strains are shown in red. NA refers to a North American consensus sequence. Peptides that were not reactive to any serum (e.g., the first one listed) may not have bound to the slide or may not have been presented in an appropriate conformation.
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MICROARRAY PROFILING OF ANTI-SHIV RESPONSES 11135 vaccinated from challenged animals based on the number and intensity of recognized epitopes as well as on the reactivity against several peptides derived from the C terminus of gp41which were absent from the rMVA vaccine (Fig. 4A, Fig.   5 , and Table 2 ). Immediately following challenge, array profiles grouped animals according to responses associated with and predictive of specific vaccine regimens (Fig. 5) . Antiviral antibody profiles also provided prognostic value, with failure to FIG. 8 . Expansion and drop-out frequencies of reactivities to convergent and nonconvergent Env epitopes postchallenge. SAM analysis was performed on separate classes of epitopes: 24 convergent Env peptides listed in Table 3 (gray bars) and the remaining 162 nonconvergent Env peptides listed in Table 4 (open bars). Expansion frequency was defined as the number of newly positive epitopes within the specified class at the indicated time point (with new reactivity above 1,500 DFUs) divided by the number of negative epitopes within that class at the prior time point (with reactivity less than 1,500 DFUs), multiplied by 100%. Conversely, drop-out frequency was defined as the number of newly negative epitopes within the specified class (with reactivity falling below 1,500 DFUs) at the indicated time point divided by the number of positive nonconvergent epitopes within that class at the previous time points, multiplied by 100. Data are means Ϯ standard error of the mean for individual monkeys within each treatment group. For designations of groups, see the legend to Fig. 4.   FIG. 9 . Survival is associated with increased breadth and intensity of anti-SHIV antibody responses. SAM analysis based on survival data was used to identify differences in anti-SHIV array reactivities in serum obtained at postchallenge week 22 between macaques in the Gag-Pol DNA/rMVA group that died of AIDS versus those that controlled their infections. Array data for antigens with significant differences in reactivity were subjected to hierarchical clustering. mount or maintain broad antiviral antibody responses correlating with the development of AIDS (Fig. 5D and 9 ). a Nonconvergent peptides that also demonstrated significant reactivity by pairwise SAM between samples at week 0 and any postchallenge time within each treatment group (Fig. 4B and C) .
b Percentage significantly reactive nonconvergent peptides that overlapped convergent peptides (Table 3) by at least five amino acid residues.
c n/c, not calculable.
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